By the end of the 20th century, mass spectrometry (MS) had evolved drastically as a major analytical tool in biomedical and biological research. Recent mass spectrometers, designed for ease of handling, came into wide use in the 1990s. Soft ionization methods, which were made practical in the second half of the 1980s, allowed for the sensitive analysis of nonvolatile and thermolabile compounds by MS. Electrospray ionization (ESI) 1,2 and matrix-assisted laser desorption ionization (MALDI) 3 methods, made it possible to ionize large biomolecules and to transfer them to the gas phase, thereby becoming a valuable tool in both protein and peptide analysis [4] [5] [6] and in the study of drugs and their metabolites [7] [8] [9] [10] [11] [12] in the human body. Many reviews of MS have recently been published, [13] [14] [15] [16] [17] [18] [19] and in particular, the number of reviews describing biochemical, biological, and biomedical MS have increased dramatically over the last ten years. Initially, there were many commentary reviews on new techniques, such as soft ionization methods and mass analyzers, 13-15 and more recently, review articles have focused on the biological and biomedical applications of MS. 18-21 Above all, two major fields, drug discovery and proteomics, have made marked advances based on MS.
By the end of the 20th century, mass spectrometry (MS) had evolved drastically as a major analytical tool in biomedical and biological research. Recent mass spectrometers, designed for ease of handling, came into wide use in the 1990s. Soft ionization methods, which were made practical in the second half of the 1980s, allowed for the sensitive analysis of nonvolatile and thermolabile compounds by MS. Electrospray ionization (ESI) 1,2 and matrix-assisted laser desorption ionization (MALDI) 3 methods, made it possible to ionize large biomolecules and to transfer them to the gas phase, thereby becoming a valuable tool in both protein and peptide analysis [4] [5] [6] and in the study of drugs and their metabolites [7] [8] [9] [10] [11] [12] in the human body. Many reviews of MS have recently been published, [13] [14] [15] [16] [17] [18] [19] and in particular, the number of reviews describing biochemical, biological, and biomedical MS have increased dramatically over the last ten years. Initially, there were many commentary reviews on new techniques, such as soft ionization methods and mass analyzers, [13] [14] [15] and more recently, review articles have focused on the biological and biomedical applications of MS. [18] [19] [20] [21] Above all, two major fields, drug discovery and proteomics, have made marked advances based on MS.
Articles in the MEDLINE database were searched, and the results are illustrated in Fig. 1 and Table 1 . Over the last 15 years, a total of 79220 MS articles were placed in the database, with a 2.5-fold increase from 1987 to 1999. The number of articles using fast atom bombardment (FAB) as an ionization method remained almost constant during this period. This ionization method is a practical soft ionization procedure, which was applied to the analysis of peptides [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] and endogenous biological substances [32] [33] [34] [35] in the 1980s. Atmospheric pressure chemical ionization (APCI) is a suitable method 36 for the ionization of middle or weakly polar low-molecular-weight molecules, and can be easily coupled to conventional highperformance liquid chromatography (HPLC), used at a flow rate of around 1 mL/min. [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] However, the number of articles concerning APCI have increased slowly, because most drugs developed recently contain polar groups which can be ionized without difficulty by the ESI technique. not only be used to gently ionize high molecular weight biopolymers, such as protein, peptide, [4] [5] [51] [52] [53] [54] [55] [56] [57] and nucleic acid, but can also be used to ionize drugs and their metabolites, including highly polar entities, such as glucuronides, [58] [59] [60] [61] [62] [63] [64] [65] [66] [67] [68] [69] sulfates, [70] [71] [72] [73] and amino acid conjugates. 58, 72, 74, 75 MALDI is a widely used ionization method enabling the determination not only of non-polar compounds, but also polar compounds. [76] [77] [78] [79] [80] [81] [82] [83] [84] The number of articles concerning ESI and MALDI radically increased in concert with changes in review articles during the past 15 years. These two ionization techniques are the principal tools for drug discovery and proteomics, and the growth in these research fields has perhaps contributed to the development of these ionization techniques.
After the ion transferred into the gas phase is accelerated by the voltage at the gateway of the instrument, it is then transferred into a mass analyzer and separated by the mass-tocharge (m/z) ratio. There are many types of mass analyzers, such as double-focusing magnetic and electric sectors, quadrupole mass filters, quadrupole ion traps, time-of-flight, and Fourier-transform ion cyclotron resonance machines. The choice of the mass analyzer is largely dictated by the goal of the research, because the required mass range, mass accuracy, resolution, sensitivity, dynamic range, and reproducibility are dependent on the matter under investigation. The present review summarizes these technological advances and discusses their implications for biomedical and biological research.
Ionization
When a target molecule is analyzed by MS, it must be ionized by some means, because MS relies on the motion of the gasphase ion in a magnetic and/or electric field. Many ionization methods have been developed, and it is important to choose a suitable technology based on both the physico-chemical properties of the target compounds and the aims of the measurement. Drugs containing polar groups and biologically active substances, such as peptides and proteins, are nonvolatile substances, and cannot be ionized without prior derivatization by methods such as electron ionization (EI) and chemical ionization (CI). FAB is widely available and can ionize peptides, carbohydrates, nucleotides, and small polar molecules. [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] A large quantity of sample, however, is required to analyze higher molecular weight substances, because singly charged ions of high molecular weight substances present large m/z ratios and the detection sensitivity of such ions is too low for the instrument to measure.
ESI and MALDI have made it possible to easily observe ions of macromolecules larger than 100 kDa, [85] [86] [87] [88] and have provided for the rapid, simple, and accurate measurement of molecular weight for a wide range of compounds, such as peptides, proteins, carbohydrates, nucleotides, and small polar molecules. Soft ionization methods have brought about a revolution in the MS research field.
2·1 Electrospray ionization
ESI is one soft ionization method suitable for the mass analysis of macromolecules, 4, 5, [51] [52] [53] [54] [55] [56] [57] because it can gently make gas-phase ions without any need for heating, impact with particles like electrons and atoms, or energy irradiation. In 1968, Dole et al. reported on the formation of gas-phase ions by an electrospray process, 89 and Yamashita and Fenn demonstrated ion production and mass analysis using an ESI ion source coupled with a mass analyzer. 1, 2 When an aqueous solution with uniform electrical density flows through a thin capillary, a split of charge is generated by adding a high voltage of several kV to the tip of the capillary (Fig. 2) . This creates both positively and negatively charged rich portions in the solution, thus breaking down the uniformity of charge. For example, the addition of a high positive potential to the tip of the needle repels the positively charged rich portion. At the same time, coulombic forces acting from the opposite electrode, drag those aqueous portions away, and small charged droplets are sprayed from the tip of the needle at atmospheric pressure. While in flight, the charged droplets release organic solvents and modifiers and are reduced in size. This reduction in the volume of the droplets results in the generation of excess charged droplets. As the coulombic forces prevail over the surface-tension forces, the droplets are broken into smaller droplets. The charged droplets become progressively smaller by a serial repetition of this process, and finally the charge is transferred to analyte molecules in the gas-phase.
Electrospray is a desirable ionization method for coupling between liquid chromatography and MS, [90] [91] [92] [93] [94] [95] [96] [97] [98] because it easily transforms target molecules in solution to gas-phase ions at atmospheric pressure. The physico-chemical properties of the The ionization efficiency is based on the relationship between the properties of ionic groups in the target molecule and the pKa value of the acidic component of the salt added to the mobile phase. 72 The fine droplets formed by adding a high voltage to the needle tip lose their electric balance and have excess charge, so that the pH value of the charged droplets is different from that of the solvent flowing in the capillary.
Unconjugated, glycine conjugated, or taurine conjugated bile acid 3-sulfates have three different ionic groups aside from sulfates. The unconjugated form has a carboxyl group at the C-24 position, whose pKa value is around 6.5, and glycine and a taurine conjugates include a carboxyl group (pKa, 4.5) and a sulfonyl group (pKa, 1.5), respectively. As shown in Table 2 , during the ESI process with the negative ion detection mode, using a mixture of 20 mM ammonium acetate buffer (pH 7.0) and acetonitrile as an ESI solvent, transfers unconjugated bile acid 3-sulfate only to a singly charged anion, whereas glycine conjugate produces singly and doubly charged ions at the ratio of 2.5:1, and the taurine conjugate is practically transformed to a doubly charged ion. 72 The pKa value of acetic acid is 4.76, which is smaller than that of the carboxyl group at the C-24 position of unconjugated molecules. In contrast, the pKa values of the acidic groups at the C-24 position on glycine and taurine conjugates are smaller than that of acetic acid.
Therefore, glycine and taurine conjugates are easy to dissociate from their acidic groups in finely charged droplets, while unconjugated molecules are difficult to dissociate from their carboxyl groups. Thus, glycine and taurine conjugated bile acid 3-sulfates produce greater amounts of the doubly charged ion. Use of a mixture of acetonitrile and ammonium formate (pKa, 3.77) buffer (pH 7.0) or ammonium trifluoroacetate (pKa, 0.23) buffer (pH 7.0) results in the formation of singly charged ions.
An advantage of the ESI process is that it directly produces both singly and multiply charged ions. 4, 5, [13] [14] [15] [16] [52] [53] [54] [55] [56] This is useful for the mass analysis of macromolecules, such as proteins and peptides, because all mass analyzers separate ions according to their m/z ratio. Multiple charging can display very large molecule ions as an m/z ratio on a mass spectrum with a relatively small m/z range, allowing an accurate measurement of the molecular weight. 13, 15, 54 A typical ESI positive multiply charged ion mass spectrum of lysozyme formed using a double focusing magnetic sector instrument is illustrated in Fig. 3 . Acidic aqueous solutions containing methanol produce commonly stable multiply charged ions of macromolecules such as protein and peptide. 15 Although the molecular weight of egg white lysozyme is 14 kDa, multiply charged ions are displayed in an m/z range from 1000 to 2000. If protonated multiply charged ions are obtained on a mass spectrum, the molecular weight can be calculated from the following equation: Mr = (m/z × z) -z. The charge number can also be calculated by simple simultaneous equations. In the case of Fig. 3 , the results for egg white lysozyme are as follows: The calculated molecular weight is 14303.88, and the difference from the measured value is only 10.1 (0.07% error). Thus, ESI-MS provides rapid, simple, and accurate information on the molecular weight.
2·2 Matrix-assisted laser desorption ionization
MALDI is also a soft ionization method like ESI, 6, 13, 14 and can be applied to a wide range of polar and non-polar compounds. 83, 84, 102, 103 The analytes are mixed with a matrix solution, which is an ultraviolet absorbing compound, and the mixture then co-crystallizes on the target plate. The commonly used matrices in MALDI, using a nitrogen laser at 337 nm, are cinnamic acid for protein and peptide; 104 α-cyano-4-hydroxycinnamic acid for peptide; 105 and 3-hydroxypicolinic acid for oligonucleotide. [116] [117] [118] [119] A pulsed laser beam irradiates the co-crystal on the target plate causing the accumulation of high-density energy within the co-crystal. This concentration of energy prevents a peaceful energy transfer, causing both the analytes and the matrix molecule to vaporize. This co-desorption process results in proton transfer between the matrix and the analytes (Fig. 4) . Therefore, the target analyte should exist as a homogeneous solid surrounded by the matrix molecule, which may constitute a hydrogenbonding network, and may also guard unstable analytes from energy pulsed laser power. The MALDI process is tolerant of impurities in the target samples, such as salts. However, contamination in samples may prevent the generation of homogeneous co-crystals on the target plate and cause peak broadening by adduct formation. 120 Because this reduces not only the sensitivity, but also the accuracy, it is critical to do suitable sample clean-up. 121 Since MALDI mainly produces singly charged ions, the m/z ratio of macromolecules, such as protein and peptides, is usually larger than that obtained by ESI, which makes multiply charged ions. In addition, MALDI makes use of pulsed laser irradiation, and is therefore typically connected to a time-of-flight (TOF) mass spectrometer, which has no theoretical upper limit to the m/z ratio. The remarkable advantage due to the production of singly charged ions is evident for the analysis of complex samples, such as a peptide fragment mixture obtained from protein digestion. 122 Thus, MALDI is a routine method for analyzing protein digests, and provides simple mass mapping results.
At present, MALDI coupled with TOF mass spectrometry is the most common primary analytical technique for proteins and peptides in proteomic research. 123
2·3 Others
Until the early 1980s, the analysis of low molecular weight molecules was the mainstream in the field of biological and biomedical MS. Two ionization methods, electron ionization and chemical ionization coupled with capillary gas chromatography, were used to convert to volatile samples. [124] [125] [126] [127] Although MS is a highly sensitive analytical method, suitable derivatization makes possible not only the introduction of nonvolatile analytes into the analyzer, but also increases the detection sensitivity of analytes. 126, 127 There are two approaches for achieving higher sensitivity in MS analysis. One is an increase in the ion abundance due to improved ionization efficiency; the other is an increase in the signal-to-noise ratio by the elimination of background noise. In particular, the latter is very important for developing quantitative determination methods for low molecular weight active substances in biological fluids. Carboxylic acid is not suitable for analysis using GC/MS, and some derivatization is required. The pentafluorobenzyl ester provides a strong negative ion current, as the most abundant ion by the loss of pentafluorobenzyl groups in negative CI-MS. 126 In general, low molecular weight molecules form positive ions in CI, and almost all impurities therefore form positive ions in the ion source. Thus, an extremely low background level can be achieved in the negative-ion detection mode. 126, 127 In 1981, FAB was developed as a new ionization method for MS, 22 making it possible to analyze non-volatile polar and thermolabile compounds without any derivatization. [22] [23] [24] [25] [26] [27] Barber et al. demonstrated the MS analysis of polar thermolabile biomolecules, with masses of up to a few thousand daltons. 22, 23 FAB allows ionization in solution including a matrix, and seems to be compatible with HPLC. The combination of HPLC and FAB MS has been performed as frit-FAB LC/MS [128] [129] [130] [131] and continuous-flow FAB LC/MS. [132] [133] [134] [135] This method can be applied to a wide range of compounds. However, the ions provide a high internal energy during the ionization process, often leading to fragmentation of the molecules. FAB is a powerful tool for the structural characterization of polar thermolabile compounds, such as a drug and its metabolites, [136] [137] [138] [139] or natural compounds 140, 141 and biomolecules. [24] [25] [26] [27] Thermospray ionization (TSP) was developed as an LC/MS interface method by Vestal et al. in 1983. 142 This method produces mildly protonated or deprotonated molecules by jetting an electrolytic solution through a heated capillary. Therefore, this method is suitable for the quantitative analysis of low-molecular-weight molecules by LC/MS. 143 
Mass Analyzer
MS is an analytical method for the separation of ionized molecules by differences in the ion motion based on mass. The ions formed in the ion source are accelerated by adding energy, and are then transported to a mass analyzer. They are separated with characteristic motion according to their m/z ratio. The magnetic field mass analyzer was developed by Thomson in 1912 . 144 These instruments were practical since their earliest days and have a high level of performance. The use of ions with high motion energy makes high-resolution analysis of more than the resolution value 10000 easily possible; this instrument is often used for detailed structural determinations. Quadrupole instruments, such as the quadrupole mass filter and the quadrupole ion trap machine, separate ions in an electric field. In the biological field, quadrupole instruments and TOF mass analyzers are commonly used due to their easy operation and low cost.
3·1 Quadrupole mass spectrometer
This type of analyzer was first introduced by Paul in 1953. 145 In the quadrupole mass filter, ions produced in the ion source move with vibration through four electronically conducting cylindrical rods, since the formed quadrupole electric field is applied as a combination of a direct current and radio frequency (RF) with a few MHz. The limitation of shortening the distance between opposite rods, using the lower frequency and RF potential, provides an upper limit of m/z 4000. The quadrupole mass filter is widely used as a single stage analyzer, triple stage analyzer, and hybrid type of quadrupole and TOF mass analyzer. Mass analyzers of the single and triple-stage types have played roles in the quantitative study of drug metabolism 69 and endogenous biologically active substances [72] [73] [74] and in the qualitative study of combinatorial chemistry. [146] [147] [148] [149] These mass analyzers coupled with ESI, APCI and TSP are favorable for combinations with liquid separation techniques, such as HPLC and capillary electrophoresis (CE).
Triple-stage quadrupole mass filters can easily perform MS/MS analysis with collision-induced dissociation (CID). In the first quadrupole, the precursor ion is selected, the second quadrupole functions as a space for fragmentation with CID, and then fragment ions produced with CID are separated by m/z in the third quadrupole. Several analytical modes, such as product scan, precursor scan, and neutral loss scan, only vary by the operation voltages; in addition, the instrument is small in size and low in cost. The combination of the quadrupole mass filter and the TOF mass analyzer has already been put to practical use by several groups. 150, 151 Ions filtered through the quadrupole mass filter are accelerated at regular intervals, and the product ions are analyzed in the TOF mass analyzer. The hybrid mass analyzer makes possible highly sensitive MS/MS analysis of proteins and peptides, 152 and the connection between HPLC and TOF mass analyzers having high sensitivity is very straightforward.
The ion-trap mass analyzer also relies on ion separation in the electric field using a quadrupole. There are, however, some differences in the shape of the electrode and in the scanning mechanism. The ions introduced into the mass analyzer are trapped with vibration in the space made among end-cap electrodes and ring electrodes. Since scanning only the RF potential applied to the electrodes allows the maintenance of a stable vibration of heavier ions with a corresponding m/z, gradually increasing the RF potential moved smaller ions forward to the ion detector in sequence. Therefore, this type of mass analyzer can detect all ions trapped in the analyzer, unlike a magnetic sector or quadrupole mass filter. Helium used as a buffer gas, which plays an important role in trapping ions, also acts as a collision gas for CID, which allows operation in the MS n mode and rapid switching between the MS and MS n modes. However, there is a quantitative limitation for ion trapping due to the instability of ion vibration caused by the repulsion between ions.
3·2 Time-of-flight mass spectrometer
In 1946, Stephens first introduced the TOF mass analyzer. 153 The principle underlying the TOF mass analyzer is simple. It measures the flight time of ions to the ion detector, which acquire energy by adding an accelerating voltage. Heavier ions have a longer flight time to the ion detector; thus, in principle, it is possible to accept a large amount of ions into the analyzer without any limitations, and to detect all ions flying in the flight tube. The TOF mass analyzer has another advantage in that it has no mass range limitations, in principle. By this analytical mechanism, even though the mass of an ion produced in the ion source is outrageously large, it arrives at the detector in time. However, the resolution is dominated by the flight-time error, and the difference in the pulsed action and the energy aberration decrease the resolution in a TOF mass analyzer. Two solutions for this problem have been used to date. One is the application of a mass reflectron, which compensates for the initial energy and focuses ions having the same m/z value. 154 Ions reaching the reflector are turned in an opposite direction by the electric field, and continue flying towards the detector. Even if ions have the same m/z value, those ions having a higher energy move more deeply in the reflector, while lower energy ions are reflected less deeply. Another improvement in resolution was achieved by the development of a delayed extraction method. In MALDI, since ions are produced consecutively after laser irradiation, ion production follows a time distribution. Ions produced at the ion source are extracted by the application of a high voltage pulse after a time delay, and are accelerated and introduced into the drift tube at the same time. [155] [156] [157] These improvements have made it possible today to perform highresolution mass analysis on the order of the resolution value, 10000. 158 Since the TOF mass analyzer separates ions by time-of-flight, it is therefore necessary to deliver all ions into the field-free drift tube. The connection of a TOF mass analyzer to MALDI, which produces ions by irradiation with a pulsed laser and requires low molecular weight matrices, is most favorable for analyzing macromolecules. A TOF mass analyzer coupled to an ESI source has also been developed, where the ESI method continuously produces ions. These ions fly out vertically at regular intervals driven by pulsed acceleration, and their flight times are measured. This type of instrument allows highresolution separation at all times with the scan mode, and therefore provides a high-resolution mass spectrum with higher sensitivity than when using other instruments, such as magnetic and quadrupole mass analyzers.
The reflectron type of the TOF mass analyzer can permit MS/MS-like analysis, such as post-source decay (PSD) and CID. 159 PSD is the fragmentation of ions flying in the drift tube, by their own internal energy, before reaching the reflector. The PSD ions reaching the reflector have different energies, and can be separated at the electric field on the reflector, and then the PSD spectrum can be obtained. There are also instruments that can analyze an MS/MS spectrum of product ions produced by collision activation after reflectron. In addition, more recently, MALDI/TOF-TOF mass analyzers are available that can achieve high energy CID.
3·3 Others
Both the magnetic sector mass analyzer and the reflectron TOF mass analyzer with delayed extraction can perform highresolution mass analysis, with a resolution of tens of thousands. The Fourier transform-ion cyclotron resonance (FT-ICR) mass spectrometer is also a magnetic-field mass spectrometer that can perform high-resolution mass analysis. 160 The cyclotron movement is due to a periodic rotation movement of ions in the magnetic field, formed using a strong magnet (more than 3 T). This type of instrument has an extraordinary mass accuracy and Because the measurement of frequency is more easy and accurate than the measurement of potential voltage and current, it is possible to separate the m/z ratios with ultra-high resolution. However, ultra-low vacuum conditions are necessary because ion movement disturbances lead to collisions with residual gas in the analyzer. Therefore, the FT-ICR mass analyzer can perform tandem-in-space MS/MS analysis similar to the ion-trap quadrupole mass analyzer.
Applications
The rate of drug discovery and development by pharmaceutical companies increased rapidly towards the end of the last century. Progress in technologies such as computational chemistry, robotics and biotechnology have contributed to this acceleration. Since MS has been a powerful tool for studying drug metabolism and disposition, [7] [8] [9] [10] [11] [12] and the dynamics of endogenous biologically active substances, [58] [59] [60] [61] [99] [100] [101] it has also contributed to the greater speed in developing new therapeutics. Although GC/MS has played an important role in these studies, [124] [125] [126] [127] various derivatizations are usually required to move the target compound into the gas-phase. Soft ionization methods, such as FAB, ESI, TSP, APCI and MALDI, have not only stimulated LC/MS techniques, but also biological and biomedical research. In addition, new methods have helped to produce new research fields, such as proteomics, whose aim is the comprehensive analysis of proteins in their dynamic state in the living body.
4·1 High-throughput analysis
MS has played an important role in the success of highthroughput analysis because it can easily separate target molecules from a complicated sample, based on mass. This performance allows for the powerful and selective extraction of the target molecule, resulting in a simplification of the samplepreparation procedure.
The production of a combinatorial library is used to generate higher affinity antibodies by phage display. This approach is based on the concept that a larger library has a greater chance of including more functional molecules. In a similar manner, larger chemical libraries may include more physiologically active molecule and, therefore, many pharmaceutical companies have attempted to develop larger chemical libraries. In order to achieve this aim, combinatorial chemistry has developed substantially over recent years. It can generate many low molecular weight compounds, producing more than hundreds or thousands of compounds per day. Combinatorial chemistry has also improved the high-throughput screening system for the discovery of lead compounds in large libraries using robotics. The merits of MS when used for combinatorial chemistry are in the identification and purification of compounds generated by various synthetic methods such as parallel and split methods, and in its use as a screening system. MS/MS instruments can markedly shorten the analytical time for the identification of molecules generated by combinatorial chemistry. Flow-injection analysis combined with MS is the most rapid method for this purpose, 161 and only requires time for the auto injector sequence. In addition, multi injection systems have contributed to shorter analytical times per sample. The MS/MS spectrum can also discriminate between the target molecule and impurities, which are eluted simultaneously, and can identify the compound of interest easily. Although flowinjection mass analysis is a rapid and simple method for identifying target molecules, when used without any separation technique this method leads to poor purity of the target molecule. However, inappropriate ionization conditions are often used for rapid and simple analytical procedures, despite the importance of the ionization efficiency. Moreover, during the ionization process, contaminants often compete for ionization, due to the saturation of ionization. As a trial for shortening the LC/MS method for separation, a fully automated parallel LC/MS system has been reported for the analytical characterization and preparative purification of combinatorial libraries (Fig. 5) . 162 In addition, multiple sprayers on an ESI interface are also available, and can analyze 96 samples in 1 h. 163 The progress in combinatorial chemistry and the growth in the chemical library size have also influenced the expansion of a high-throughput screening system. The common robotics highthroughput screening system can successively measure the pharmacological activities of a large chemical library, such as a receptor agonist or antagonist activity by spectroscopic detection using a plate reader. Robotics systems cannot, however, provide information on purity and structure. In contrast, MS provides information not only on the binding affinity to proteins, but also on structure and purity. Affinity capillary electrophoresis combined with MS was first used for this purpose. 164 This method can simultaneously measure the binding affinities of multiple ligands, generated by combinatorial chemistry, for a target receptor based on mobility shifts on capillary electrophoregrams, and can monitor the MS and MS/MS spectra of every active molecule for structural determination with high sensitivity. Affinity chromatography coupled with MS using ligand, receptor, antibody, or enzyme immobilized affinity beads in place of affinity capillary electrophoresis has been reported for library affinity selection. [165] [166] [167] Molecules which bind to a complementary molecule immobilized to the support can be selected from a large library, and are then forwarded to the mass spectrometer with separation by common chromatographic techniques, such as reversed-phase chromatography, and their structures are then analyzed. The faster screening method for evaluating proteinligand or protein-protein interactions is a direct measurement of noncovalent biomolecular complexes by ESI-MS analysis. 15 ESI methods can ionize target molecules under solution conditions, allowing the ionization of biomolecules while preserving of their native conformation. ESI is therefore used for studying noncovalent interactions of biomolecules, such as protein-protein, protein-ligand, enzyme-inhibitor, and duplex-DNA complexes. Although these approaches can provide information on protein interactions with only infusion analysis, not requiring much time, they cannot simultaneously analyze large libraries because they require a higher measure of purity for the MS analysis of complexes.
4·2 Drug metabolism
During the early stages of drug discovery and development, it is important to identify the metabolites of a lead compound for an accurate evaluation of pharmacological action and toxicity. In order to estimate the metabolism in the human body, human liver microsomal preparations are often used to evaluate the in vitro metabolism of the lead compound. 168, 169 LC/MS/MS using a triple quadrupole instrument is an appropriate and powerful means for that purpose. The full-scan mode can easily provide information on changes in the molecular weight due to metabolism; in addition, the neutral loss scan and precursor scan, which are unique to the MS/MS instrument, can also easily identify the metabolites in most contaminants. The product ion scan of conjugated metabolites, such as glucuronate and sulfate, commonly provide neutral fragments of m/z 176 for dehydroglucuronic acid and 80 for SO3, respectively. Therefore, the neutral loss scan of 176 and 80 u can easily find these conjugates. The existence of a chemical element having a characteristic native isotopic ratio within the target molecule, such as chlorine and bromine, is also useful for the identification of metabolites. For example, when the precursor ions, including 35 Cl and 37 Cl, are analyzed, the fragment ions having 37 Cl provide an m/z ratio two mass units larger than those having 35 Cl. 10 When 37 Cl is eliminated from the fragment ions, the m/z ratios of the fragment ions from the different precursor ions coincide with each other. These phenomena simplify the structural determination of metabolites.
Although the search for potential metabolites in the human body is important, in vivo pharmacokinetics studies are also important for investigating the relationship between the concentration of a lead drug in the target region and the pharmacological activity. However, there are many drug candidates in the early stages of drug discovery and development. LC/MS/MS technique requires minimal sample preparation because of its high sensitivity and selectivity. This characteristic permits in vivo pharmacokinetics screening in cassette dosing experiments, and the use of a fully automated system using a column switching technique can analyze between 320 to 960 samples per day per instrument in a 64-inone experiment. 170 With this method, 100 µL of a plasma mixture can be loaded (the 1:1 mixture of plasma and 0.1 mol/L acetic acid) directly onto the extraction cartridge with octadesylsilylated silica gel, and analyzed within 4.5 min of injection. When using cassette dosing approaches, the concern for drug-drug interactions, such as inhibition or competition of drug transporting pathways, is very important. The highthroughput Caco-2 permeability screening method for drug candidates was developed using a similar simple column switching system. 171 The apparent permeability coefficients of tested drugs across Caco-2 cell monolayers were in good conformity with data obtained by the single dosing method. The in vitro model based on filter-immobilized artificial membranes has also been developed as a more simple method than the use of Caco-2 cell monolayers for fast screening of drug candidates. 172 In addition, for evaluating the potential of drugs to inhibit cytochrome p450, high-throughput screening methods via a cassette dosing strategy have been developed and applied using human hepatic isozymes. Although a theoretical treatment has predicted that the potential for drug-drug interactions is only a weak function of the dose size, 173 neither the absolute values of the pharmacokinetic parameters nor the rank order obtained from cassette dosing can be accepted without an independent confirmation.
4·3 Endogenous active substances
In order to understand the relationship between endogenous active substances and disease, it is critical to analyze those substances in biological fluids. Biological samples include many contaminants having similar structures as target molecules, such as fatty acids, steroids, and others. Therefore, chromatographic separation is required and especially important for the development of accurate quantitation methods for endogenous biologically active substances. 99, 101 For highly selective analysis, the MS/MS instrument, which can perform the selected reaction monitoring analysis, is very useful, and can perform a highly sensitive quantitative determination. However, the same product ion spectrum pattern can be obtained from stereoisomers. Even if it is a drug metabolite, besides stereoisomers, unstable polar metabolites, such as glucuronates and sulfates, may easily produce fragment ions having the same m/z ratio as the drug itself at the first mass analyzer. 174 In addition, prodrugs containing methyl esters and methylated metabolites from the active form, which are completely different compounds, but have the same m/z ratio as a molecular ion, often show a similar MS/MS pattern. Therefore, those isomers and metabolites must be separated by chromatography before MS/MS detection. 175 The pretreatment procedure is also very important for an accurate and highly sensitive and selective analysis of active substances in biological fluids. For a simple, rapid, and reproducible pretreatment for the analysis of biologically active substances, multi-dimensional liquid chromatography using a column-switching system has been used for determining platelet activating factor levels in human blood by LC/frit-FABMS. 99 The combination of ion-exchanging chromatography and reversed-phase liquid chromatography with frit-FABMS is a powerful system for achieving this aim. Using affinity chromatography for specific extraction of the target molecule is also a means for the highly sensitive and selective quantitative determination of active substances in biological fluids. A pretreatment with liquid-liquid and/or solid phase extraction often causes a degradation of the contaminants and produces novel impurities by the harsh conditions during extraction and concentration. Since the affinity extraction procedure using the antigen-antibody reaction allows the direct application of biological fluids, such as plasma and urine, onto affinity beads, this also contributes to reducing the background level due to impurities. In addition, when generating an antibody, the design of the hapten-carrier protein conjugate enables one to simultaneously extract analogous metabolites, due to control of the specificity of the antibody. 176 On the contrary, the specific derivatization of a characteristic fragment pattern is one means for achieving a lower background level, as described above. In LC/MS experiments, although there have not been many reports on derivatization, the generation of specific MS/MS fragment patterns has been reported using derivatization reagents for SH groups by LC/ESI-MS/MS methods. 179 These techniques provide a highly sensitive method, and also make the behavior of CID fragmentation even, and allow for analysis of structural analogous of target molecules at the same detection level.
4·4 Proteomics
The sequence of the human genome has now been analyzed, and the structure of nearly all genes is presently available. Understanding life at the protein level is necessary for elucidating the cause of disease and expanding biochemistry and drug discovery. Proteomics is a research field for analyzing not only genome-encoded events, such as protein translation, 9 ANALYTICAL SCIENCES JANUARY 2003, VOL. 19 but also non genome-encoded events, such as post-translational modification of proteins and interactions of protein, nucleic acid, fatty acid, and carbohydrate. 178 Soft ionization methods, such as ESI and MALDI, are suitable for the analysis of macromolecules, such as protein and peptide, and are useful for achieving the current goal: the identification and structural determination of proteins in the post-genome era. MS has replaced Edman sequencing, due to its capability for sensitive and high-throughput analysis, coupled with database searches. Protein ladder sequencing was reported by Chait et al. in 1993 . 122 This method can identify target proteins with only one measurement of ladder peptides by MALDI-TOFMS based on the DNA sequence information on a database. A peptide mass fingerprinting method is also a simple, sensitive, and rapid protein identification method that was reported at almost the same time by a number of research groups. [179] [180] [181] [182] [183] Although this method can identify a target protein with only one mass mapping by MALDI-TOFMS of peptide fragment mixtures obtained by protein digestion, for reliable identification it is very important to obtain a more accurate m/z value for each peptide and to recover many peptide fragments from in-gel digestion. The use of this method can now identify hundreds, or even thousands, of proteins per day. 184 Peptide mass fingerprinting methods, however, cannot identify all proteins displayed on two-dimensional gel electrophoresis and, therefore, the peptide sequence tag method compensates for the lack of protein identification. 123 This method uses information on the molecular weight of the target peptide, partial amino acid sequences, and the m/z ratio values for unknown sequence regions and amino acids at the C-terminus of the peptide, which are obtained with a triple stage quadrupole mass filter and an ion-trap mass analyzer coupled with ESI. 185 Incomplete information acquired on a peptide fragment in the target protein can generally be narrowed to one candidate protein by database searches. In addition, the use of an FT-ICR mass spectrometer with a very high mass resolution has been able to identify an intact protein with partial amino acid sequence information by a MS/MS analysis, without any chemical or enzymatic protein digestion and HPLC separation. 186 For simplifying the identification of proteins, isotope labeling is useful for the recognition of amino acid sequencing series. When the target protein is digested using enzymes, such as trypsin, performing the reaction in a certain ratio of 18 O labeled water introduces 18 O into the carboxyl group at the C-terminus of the peptide, and all y-series fragment ions would include 18 O. 151 Another tag method for simplifying the sequencing analysis of peptides relies on the introduction of bromine by a reaction with 5-bromo-nicotinic acid N-hydroxysuccinimide. 187 This reagent produces clearly differentiated N-terminal product ions labeled with the 5-bromonicotinyl group from other ions under low-energy CID, because of the appearance of CID peaks with a split pattern separated by 2 mass units due to the equal natural abundance of 79 Br and 81 Br.
The C-terminal derivatization method has also been reported for producing ytype series ions by low energy CID. 188 The fixed-charge derivatization of peptides has also been reported for low-energy CID using an ESI-ion trap mass spectrometer. The introduction of a trimethoxyphenyl phosphonium moiety to the N-terminus of a peptide generates both b-type series ions as well as lessintense a-type ions. 189 Any protein can be modified by a post-translational modification, and the reversible phosphorylation of proteins is involved in many cellular processes, such as signal transduction, gene expression, the cell cycle, and apoptosis. Although phosphorylated peptides and proteins are generally separated from other peptides by HPLC or two-dimensional gel electrophoresis, a more selective enrichment and extraction of proteins and peptides is effective for analyzing phosphorylated peptides and proteins.
Immobilized metal affinity chromatography is the most widely used method, 190 which is based on the interaction between the phosphate moiety and metal ions bound to a chelating support. Several studies have examined the off-line or on-line mass analysis of phosphorylated peptides separated by immobilized metal affinity chromatography. [191] [192] [193] [194] [195] [196] Immunoprecipitation from contaminants is one method for the selective enrichment of phosphorylated peptides and proteins. The specific extraction of phosphopeptides from the enzymatically digested peptide fragment mixture has been demonstrated using antiphosphotyrosine antibodies. 197, 198 Anti-phosphoserine and antiphosphothreonine antibodies have also been used for westernblot analysis for the selective detection of phosphorylated proteins separated by two-dimensional gel electrophoresis. 199 Alternatively, chemical tagging methods have been developed for the specific isolation of phosphopeptides and phosphoproteins.
The loss of phosphoric acid from phosphoserine and phosphothreonine by β-elimination produces an active double bond that is easily attacked by ethanedithiol, producing a thiol tag. 200 Another chemical approach is by the carbodiimide-catalyzed condensation reaction of cysteamine (1-amino-2-thioethane) to the phosphate moiety. 201 Tandem MS is also useful for identifying a phosphorylated peptide from unseparated peptide mixtures. Precursor ion scans under CID conditions with ESI can detect negative precursor ions of a phosphorylated peptide by detection of the PO3
-(m/z 79) anion at the third quadrupole. 202 This strategy is useful for identifying a phosphorylated peptide because of the highly sensitive detection of PO3 -anions due to the highly sensitive negative ion detection with lower background levels under a low-pH condition. The method using the phosphotyrosine immonium ion at m/z 216 has also been reported for easily identifying a phosphotyrosine-containing peptide, 203 but has not been applied to phosphoserines and phosphothreonines. A neutral loss scan of H3PO4 is also used to detect a phosphorylated peptide with CID. 204 Tandem MS in the use of a triple quadrupole instrument, an ion trap instrument, and a Q-TOF instrument is very useful for the identifying not only a phosphorylated peptide, but also the phosphorylation site in the target peptide. The fragmentation of HPO3 or H3PO4 from a phosphorylated peptide is more frequent than backbone cleavages, and fragmented ions containing phosphates often provide a pair of peaks with a mass shift of 80 Da or 98 Da as ytype or b-type ions. These methods using a mass shift of b or ytype ion series are also useful for characterizing other posttranslational modifications, such as glycosylation.
Conclusions and Future Directions
As described above, MS has made great progress in both hardware and software, expanding not only mass-spectrometric technologies, but also biological and biomedical research. During drug discovery and development, MS is one of the most effective technologies for the structural determination of drugs and related compounds. Moreover, MS can be applied to metabolic studies, including PK and TK, and for the discovery of de novo target molecules with post-genomic approaches. In addition, proteomics, the central research field in the postgenome era, has depended on advances in mass spectrometric technology. For developing analytical methods for detecting substances within a single-cell at a particular moment and state, mass spectrometric technology coupled with single cell manipulation has recently been reported. 205 In addition, new instruments are currently being developed, which will play an active part in biological and biomedical research in the future. Progress in mass spectrometric technology will continue to contribute to the growth of these research fields.
